This paper deals with the colorimetric properties of silver nanoparticle gratings buried in a dense titania film that result from a continuous wave laser-induced self-organization process. The samples exhibit shining colors in the direction of the specular reflection, which are very sensitive to polarization. We show that a large color gamut and a tunable dichroism can be reached by varying the exposure conditions. We also discuss the physical meaning of the observed variations in the dichroism. This laser process produces a single pass marking with a micrometer resolution and could be useful for developing innovative solutions in fields like active color displays, security, polarization imaging, or design.
INTRODUCTION
Noble metal nanoparticles (NPs) have been used from ancient times to stain glasses [1, 2] . Embedded in a dense glassy matrix, they have proven to be stable over centuries. Recently, different multiplexed optical recording techniques have been considered to spatially control the properties of metal NPs within dense glasses for perennial data storage. Femtosecond lasers have been used to create highly fluorescent ionized silver clusters [3] or to reshape silver NPs [4, 5] and gold nanorods [6] . The multiphoton mechanisms involved in such laserinduced nanoscale transformations only take place in a tiny volume at the focal point of the focusing optics, and this allows for a highly spatially resolved 3D encoding of information. Actually, such techniques enable an up to 5D optical recording because of their sensitivity to other parameters such as fluorescence intensity, wavelength, and/or polarization [7, 8] . Interesting dichroic properties have therefore been obtained within glasses thanks to the control of the anisotropic shape of metallic nano-objects with a polarized laser beam. Indeed, the localized surface plasmon resonance (LSPR) of noble metal nonspherical NPs exhibit distinct absorption bands depending on polarization when a privileged orientation of the nano-objects is selected. A few other studies have also reported a dichroic effect in femtosecond laser-induced grating-like structures where the shape of silver NPs remained isotropic but self-organized 1D periodic patterns were formed [9, 10] . In the last of these articles, silver NPs were contained in polymer films or just deposited on surfaces and were therefore more likely to evolve in time. In all of these studies, the sample color was not assessed and the reported changes in spectra as a function of polarization did not lead necessarily to significant variations in the observed color.
When considering the color of noble metal NPs, striking effects can be obtained when combining their LSPR with the coherent effect of an interferential film. Even though this was put to the fore only recently [11] , this property has actually been used since the 9th century whereby complex structures including silver and/or copper NPs were empirically produced in the glaze of ceramics to produce a metallic luster [12] [13] [14] . This glaze was made of glass and contained a multilayer structure composed typically, from the top to the bottom, of a NP free layer of glass and a NP containing layer of glass covering the ceramic. This layer stack gives the lusterware a shining color in the specular direction that clearly differs in hue and intensity from the color observed out of the specular direction, and the origin has been attributed to interference effects [2] . Varying the layer properties such as thickness, the nature of the NPs, and their size distribution and concentration greatly spreads the color palette of this particular luster.
In the present paper, we characterize the colored luster of silver NP gratings embedded in a dense titania film, which exhibits a prominent dichroic effect. We have very recently described a continuous wave (CW) laser-induced process leading to the generation of self-organized 1D gratings of silver NPs located in a plane (single layer of NPs) embedded near the substrate-film interface [15] . In this recent paper, we have also proved that such structures exhibit singular optical properties in the visible range resulting from a combination of the LSPR of silver NPs and waveguide resonances. The latter result from the excitation of quasi-guided modes in the titania film due to the phase-matching diffraction of some wavelengths of the incident light by the grating structure. Such waveguide resonances are polarization sensitive and bring about interference effects in the specular directions. Interferences are mainly constructive in the specular reflection direction and lead to shining colors whose properties depend on the structure parameters and can be tuned by varying the laser exposure conditions. The present paper focuses on the colorimetric characterization of the sample dichroism (sensitivity of color to light polarization) observed in specular reflection when varying the exposure parameters. The measurements rely on the use of a calibrated camera mounted on an optical microscope, which measures the colors in specular reflection under normal incidence. We also discuss the physical meaning of the observed variations in the dichroism.
EXPERIMENT
The colored samples are glass slides covered with a nanostructured film produced in two steps. First, mesoporous films of amorphous titania are elaborated by a solgel process and loaded with silver salts. These films are transparent and colorless. Second, the films are illuminated with a CW visible laser to get various colors, dichroic or nondichroic, depending on the exposure parameters. The experimental details of these two steps are described below. Then, we explain how the color of each illuminated area is assessed at the microscopic scale.
A. Film Elaboration
The TiO 2 films are elaborated using a solgel synthesis method that was published previously [16, 17] . A mixed solution of titanium tetraisopropoxide (TTIP, Aldrich; 97%) and acetylacetone (AcAc, Aldrich; 99%) is used as precursor solution for the synthesis of titania films. A hydrochloric acid solution (HCl, Roth; 37%) is added to an ethanol (EtOH, Carlo Erba; absolute)/P123 (Aldrich; MW: 5000) solution and mixed with the precursor solution under vigorous stirring. The mixture is stirred for 30 min. Then, de-ionized water (H 2 O) is slowly added to the well-mixed solution and aged with stirring at room temperature for about 6 h. Molar ratios of these reagents are controlled at TTIP∕P123∕ethanol∕HCl∕H 2 O∕AcAc 1∶0.025∶28.5∶0.015∶29.97∶0.5. The titania thin films are dipcoated at a drawing speed of 7 cm∕ min and annealed at 340°C for 4 h to remove the copolymer and form the mesoporous titania films. Their thickness is 230 50 nm. Solgel synthesis and dip-coating are conducted in a clean room where the relative humidity is kept at 45% (5%).
Silver ions are then introduced within the mesoporosity by soaking the films for 1 h in an aqueous ammoniacal silver nitrate solution AgNH 3 2 NO − 3 that is obtained as follows: a silver nitrate solution is prepared in an EtOH∕H 2 O (1∶1 v∕v) mixture at a concentration fixed at 1.5 M; then a NH 3 solution is added until a clear solution is obtained. The films are then rinsed with water and dried at room temperature for 12 h.
B. Laser Marking
At this stage, the films are transparent and colorless. Their transmission spectrum is flat without measurable absorption. However, they contain numerous small silver NPs that are about 1-3 nm in diameter; these have been fully characterized in previous studies by high resolution transmission electron microscopy and low-frequency Raman scattering [18] . Due to the LSPR of these NPs, the film absorption is not null even though it is not measurable. And, it leads to a temperature increase that can exceed several hundreds of degrees in the film when the incident laser intensity is high enough [18] . This temperature rise only occurs above an intensity threshold that must be exceeded to generate the self-organized growth of silver NPs and to produce the film color. This intensity threshold depends on the laser wavelength and intensity as well as on intrinsic parameters of the film.
The samples are colored with an Ar-Kr CW laser emitting at various wavelengths in the visible range. The experiments are carried out at 488, 514, 530, and 647 nm wavelengths. The laser beam, whose power can be tuned, is weakly focused on the sample with a 10× objective lens (MPLN 10× from Olympus) under normal incidence. The laser focusing can be degraded by shifting the sample from the focal plane to decrease the laser intensity and widen the spot diameter on the sample from approximately 10 μm half-intensity at the minimum up to typically 50 μm. The latter is moved during illumination at a constant speed varying from 50 μm∕s to 30 mm∕s in order to draw linear patterns.
C. Color Characterization of Samples
Color images of the samples were made at the microscopic scale thanks to an IDS UI-2240-C 8-bit RGB digital camera mounted on the Olympus BX51M microscope used for the laser inscription of the samples. This microscope was equipped with an Olympus U-TV1x-2 eyepiece with 1× magnification and the 10× objective lens described above. The RGB images are captured through IDS uEye Cockpit software. The samples are illuminated at 0°(normal of the samples) by a halogen lamp with an optical power of 100 W. The color measurement geometry was therefore the 0°∶0°geometry, thus showing the specular color of the samples under normal incidence.
All the automatic corrections of the software were disabled, and the camera was calibrated by using the method based on polynomial transformation developed in a previous study for the same observation system [19] , except that a color chart adapted to the specular nature of the samples, i.e., a set of 25 specular samples (Supergel ROSCO filters placed in front of a Newport 10D20AL.2 calibrated mirror) was used in place of the matte color chart used in [19] .
Several colors were produced by the inscription process by changing the following parameters of the laser: wavelength, power (the power values given in the article are measured in the sample plane), speed, and focusing distance.
A subset of colored lines drawn with the laser can be seen in Fig. 1 . Each considered colored pattern is made of three identical lines consecutively drawn with the same set of parameters. This enables the computation of the sample color including the edges of the lines as well as the gap between the lines. The lines were 300 μm long and their width was between 16 and 50 μm depending on the focusing distance.
Since the samples exhibit very weak scattering at the macroscopic scale, we can assume in a first approximation that their spectral reflectance at the macroscopic scale is the average of their spectral reflectance observed at the microscopic scale. That is, we can assume that their macroscopic color is also the average of the colors observed at the microscopic scale. Hence, the color of each pattern was computed by averaging the color of the sample's image from the top of the first line until the bottom of the third line, vertically, and from 50 μm after the left edge of the lines until 50 μm before the right edge of the lines, horizontally. This averaging area is displayed in Fig. 1 (green rectangle). We preferred excluding the boundaries of the lines in order to discard the color irregularities that arise because of the acceleration and deceleration of the translation stage at the beginning and ending of the colored marks. These irregularities on the left and right edges become negligible at a macroscopic level as the lines become longer, whereas the colors of the top and bottom edges affect the overall color independently of the length or number of marked lines.
After the colors are extracted from the averaged area, they are converted from sRGB to the CIELAB color space, which is a much more uniform space in regards to human visual perception, and it has a good representation of the color attributes: lightness, chroma, and hue [20] .
RESULTS AND DISCUSSION
A. Self-Assembled Gratings of Silver Nanoparticles and Stability Several conditions are required to form the self-organized NP grating as described in Ref. [15] . The incident wavelength must be absorbed by the small silver NPs initially present in the film and therefore must lie in the visible range. The incident laser intensity must exceed a threshold, whose value depends on the incident wavelength and spot diameter on the sample surface, as well as on the exact size distribution of the initial NPs within the film, to bring about a significant increase in the local film temperature. Also, the translation speed of the sample must range between specific values that are typically greater than few tens of μm∕s and smaller than few mm∕s. These values depend on the laser wavelength and intensity, the spot diameter on the sample, and on the initial state of the sample. Below the lower speed threshold, silver NPs do not grow and the sample remains colorless; above the upper speed threshold, silver NPs grow but they do not self-organize; samples are colored but they are non-or nearly non-dichroic.
Several parameters influence the self-generated grating of silver NPs. The main orientation of the grating lines is always parallel to the linear polarization of the writing laser. The grating period is a fraction of the laser wavelength; it also depends on the film thickness and refractive index. The translation speed of the sample mainly influences the final NP size and therefore the coupling efficiency of the grating, which strongly varies the resulting color in specular reflection (see below). From the lower speed threshold, we first observe an increase in the NP size then a decrease as shown from the scanning electron microscopy (SEM) pictures in Fig. 2 (FEI  Nova nanoSEM 200) . Varying the laser focusing conditions (laser not focused on the film surface) changes both the incident intensity and the spot diameter on the surface. It Fig. 1 . Subset of a series of samples obtained by laser marking. Each sample consists of three consecutive lines generated with the same parameters. The laser-written lines are the wide color parts, which are very close to each other, almost covering the entire sample surface. The green rectangle shows the area considered for the extraction of the color. Fig. 2 . Influence of the translation speed on the NP size. SEM pictures of self-organized silver NP gratings generated under laser exposure at 514 nm wavelength, 239 mW, with the sample in the focal plane of the objective lens, and at different translation speeds: (a) 100 μm∕s, (b) 300 μm∕s, and (c) 1000 μm∕s. Scale bar: 2 μm.
influences the grating regularity (Fig. 3) . Actually, moving away from the focal plane of the objective lens clearly degrades the NP organization. This may be due to increasing polarization aberrations.
It must be noted that once formed, the NP gratings become completely insensitive to subsequent laser exposures. The formed structures were found to be completely stable, as were the produced colors. This is due to the crystallization of the titania matrix and to the collapse of the mesoporosity, which occur at the same time as the self-organized growth of NPs. Once generated, the NP grating is therefore automatically covered by a dense TiO 2 film. This will be fully described in another paper.
B. Origin of the Dichroic Colored Luster
As demonstrated in Ref. [15] , the optical properties of such nanostructured samples result from the interaction of electron resonances of silver NPs and optical resonances of the titania film that acts as an optical waveguide.
An incident nonpolarized white light will interact with the structure in different ways depending on the considered wavelength and the polarization component. For a wavelength outside the LSPR and waveguide resonances, the wave mainly undergoes multiple interferences when being coherently reflected within the thin film structure. For a wavelength lying in the LSPR band of the silver NPs, absorption and scattering are strongly enhanced, resulting usually in increased reflection. These phenomena are not specially polarization sensitive in the formed systems since silver NPs are separated enough not to interact strongly in the near field with each other. In particular, their LSPR is not really sensitive to the linear organization of NPs. However, another optical effect that strongly depends on polarization also occurs for some wavelengths; it has been characterized in our previous article and is also at the origin of the self-organization phenomenon [15] . This is the excitation of quasi-guided modes of the titania layer. Indeed, the period of the NP grating is suited to diffract wavelengths, which are close to the laser wavelength used to generate the self-organized structures, into guided waves. The latter propagates through the film before being diffracted again by the same grating in the direction of the reflected (transmitted) specular beam with a phase shift of 2mπ [2m 1π, respectively], m being an integer, compared to the part of the specular waves directly reflected (transmitted, respectively) [21] . This phenomenon considerably increases the interaction with the NP grating, especially when the electron and optical resonances spectrally overlap. As the coupling efficiency in the guided waves is much greater for the polarization parallel to the grating lines (TE polarization) than for the polarization perpendicular to the grating lines (TM polarization), such an optical effect leads to a strong dichroism in the optical response of the system. The latter is as much larger than the coupling efficiency is high, which appears to depend on the NP size and density.
C. Characterization of the Dichroism in Specular Reflection
In order to obtain an estimation of the range of colors that can be achieved with the laser marking process (i.e., the color gamut), a large number of different samples were produced from different combinations of laser parameters. The colors extracted are shown in Fig. 4 , where it can be seen that the color lightness values are concentrated around the middle of the L axis of the CIELAB 1976 color space, while the colors are spread across a wide range of the a − b chromaticity plane. Such a wide gamut was, however, obtained for nonpolarized light, and each point actually corresponds to the average of two distinct colors corresponding to TE and TM polarizations.
In theory, measuring the color for both TE and TM polarizations should be enough to characterize the whole polarization behavior of each colored pattern. Assuming a perfect 1D grating structure, the spectral reflectance as a function of polarization angle α (measured from the grating lines) is given by Rα; λ R0°; λcos 2 α R90°; λsin 2 α;
which should describe a well-defined curve in the CIELAB color space between colors measured for TE (0°) and TM (90°) polarizations. Figure 5 shows the colors measured on nine different samples when rotating the probe white light polarization from 0°t o 180°. Different features can be deduced from these measurements. First, the color variation with polarization clearly depends on the exposure parameters. The larger the variation is, the greater the optical waveguide resonance described previously is expected to be. So curve (i) in Fig. 5 corresponds to a NP grating much better defined than curve (d) whose dichroism is low; for each wavelength and for the selected speeds (decreasing only down to 1 mm∕s), the dichroism increases when the speed decreases. Second, the observed colors are different according to whether polarization varies from 0°to 90°or from 180°to 90°. So Eq. (1) is definitely not adequate to describe the polarization variations of the spectral reflectance, and two measurements are not enough to fully characterize the polarization behavior of the sample. In the case of a large dichroism [e.g., curve (i)], this is likely to be caused by the curvature of the grating lines that can be observed on all pictures in Figs. 2 and 3 that show wellordered NP lines. In the case of a low dichroism such as that associated with the (d) and (e) curves of Fig. 5 , Eq. (1) is even less satisfactory since the organization is not optimal. Finally, despite the nonregular variations of the color between 0°and 90°polarization angles, one can find an average line for each set of measurements (not drawn on the graph) whose orientation in the CIELAB color space seems to mainly depend on the laser wavelength used to form the nanostructures, which means on the period of the NP grating and therefore on the spectral position of the optical waveguide resonance. It must then be remembered that the waveguide resonance creates an increase in the reflectance spectrum around a wavelength close to the laser wavelength used to form the grating. But this increase only occurs for TE polarization, not for TM. Rotating polarization from TE to TM will remove this color component. This will be further analyzed in another study where the variations of the reflectance and transmittance spectra as a function of polarization will be analyzed in detail.
In Fig. 6 , we only show the colors measured for TE and TM polarizations and study the influence of three main parameters, which are the translation speed of the sample, the laser wavelength, and focusing, on the dichroism. When the red and blue curves are close to each other, the dichroism is low, and it increases when the red and blue curves diverge. When the curves are long, the color strongly varies with speed. From such measurements, moving the sample away from the focal plane of the objective lens appears to strongly deteriorate the dichroism. This agrees with the loss of coherence observed in Fig. 3 when increasing the distance from the focal plane. A less ordered NP array indeed leads to a decrease in the coupling efficiency of the NP grating and then in the strength of the waveguide resonance, which gives rise to the dichroic effect. Moving away from the focal plane also lessens the color sensitivity to speed. The use of longer wavelengths, such as 647 nm in Fig. 6 for instance, also strongly softens the dichroism. And yet, in that case (at least for F0), the formed grating pattern is regular, as shown in Ref. [15] . This very low dichroism is likely to result here from the weak interaction between the plasmon and the guided modes, which are spectrally separated when the laser wavelength lies apart or at the edge from the LSPR band. Finally, it is interesting to note that when the dichroism is strong, as in graphs (a) and (d) of Fig. 6 , it is maximum for an intermediate speed. This can be correlated to the change in the NP size observed in Fig. 2 for instance. Above the lower speed threshold, the size of the NPs increases with increasing speed before decreasing at larger values. It can be assumed that the coupling efficiency of the grating, and therefore the amplitude of the waveguide resonance leading to the dichroism, varies in a similar way since it is directly linked to the NP size.
CONCLUSION
This paper reports specific colorimetric properties of selforganized silver NP gratings generated within titania films under homogeneous and CW laser exposure. The embedded grating structures act as resonant structures in which the LSPR of silver NPs and waveguide resonances interact to give the samples shining and dichroic colors in the direction of specular reflection. The paper especially focuses on the polarization sensitivity of the colored luster and on its physical interpretation. It shows that a large color gamut can be reached on the films, which are composed only of silver NPs and TiO 2 , by varying the exposure conditions and especially the translation speed of the sample, the laser wavelength, and the focusing. It also brings to the fore how these parameters influence the dichroic effect. The latter is quite strong when the grown metallic NPs are larger and well organized and when the grating period provides the excitation of a quasi-guided mode at a wavelength that lies in the LSPR band of silver NPs. Such a coloring technique, involving a single CW visible laser beam, gives rise to colored surfaces with unique optical properties that combine a metallic luster with various colors and a tunable dichroic effect. The laser marking process provides a micrometer resolution; it is a single pass process since once formed the nanostructures become insensitive to subsequent laser exposure and are very stable in time. This technique could be useful to develop innovative solutions in fields like active color displays, security, polarization imaging, or design.
